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SUMMARY
The Rhenodanubian Flysch zone (RDF) is a Lower Cretaceous–lower Palaeocene turbidite
succession extending for ∼500 km from the Danube at Vienna to the Rhine Valley (Eastern
Alps). It consists of calcareous and siliciclastic turbidite systems deposited in a trench abyssal
plain. The age of deposition has been estimated through micropalaeontologic dating. However,
palaeomagnetic studies constraining the age and the palaeolatitude of deposition of the RDF
are still missing. Here, we present palaeomagnetic data from the Early Cretaceous Tristel and
Rehbreingraben Formations of the RDF from two localities in the Bavarian Alps (Rehbrein
Creek and Lainbach Valley, southern Germany), and from the stratigraphic equivalent of the
Falknis Nappe (Liechtenstein). The quality of the palaeomagnetic signal has been assessed by
either fold test (FT) or reversal test (RT). Sediments from the Falknis Nappe are characterized
by a pervasive syntectonic magnetic overprint as tested by negative FT, and are thus excluded
from the study. The sediments of the Rehbreingraben Formation at Rehbrein Creek, with pos-
itive RT, straddle magnetic polarity Chron M0r and the younger M′-1r′ reverse event, with an
age of∼127–123 Ma (late Barremian–early Aptian). At Lainbach Valley, no polarity reversals
have been observed, but a positive FT gives confidence on the reliability of the data. The pri-
mary palaeomagnetic directions, after correction for inclination shallowing, allow to precisely
constrain the depositional palaeolatitude of the Tristel and Rehbreingraben Formations around
∼28◦N. In a palaeogeographic reconstruction of the Alpine Tethys at the Barremian/Aptian
boundary, the RDF is located on the western margin of the Brianc¸onnais terrain, which was
separated from the European continent by the narrow Valais Ocean.
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1 INTRODUCTION
The Rhenodanubian Flysch zone (RDF), is an elongated belt
of alternating Lower Cretaceous–lower Palaeocene turbidites and
hemipelagic sediments with a maximum thickness of ∼1500 m.
They crop out discontinuously for 500 km along the northern
margin of the Eastern Alps, from the Danube Valley near Vienna
(Austria) in the east to the Rhine Valley (Switzerland) in the west
(Fig. 1; Hesse 2011). Constraining the age of deposition of the RDF
has been a major geological problem for a long time. The RDF
has been deposited in an abyssal plain below the calcite compen-
sation depth (CCD, Hesse 1982; Mattern 1999; Wortmann et al.
1999), hampering good preservation of age diagnostic calcareous
microfossils, and thus making precise biostratigraphy correlation
difficult. Nevertheless, a number of studies were published since
the 1960s, based on foraminifera, calcareous nannofossil and di-
noflagellate cyst (dinocyst) biostratigraphy. These allow to con-
strain the age of the RDF from the Barremian in the Early Cre-
taceous to the Thanetian in the Palaeocene (Hesse 2011, and ref-
erence therein). This biostratigraphic dating is pinned by a carbon
stable isotope-based correlation with reference records form Cis-
mon (Italy) and the Vocotian Basin (SE France) (Wortmann et al.
2004; Fig. 2). Another geological issue is locating the allochthonous
RDF in the palaeogeography of the evolving Tethys Ocean. In the
Alpine stack of nappes, the RDF was thrust over the northern Ultra-
helvetic and Helvetic domains (i.e. continental European margin)
and overthrust by southernme´lange units of an active margin (South
Penninic) and by the Austroalpine units pertaining to the Adria plate
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Figure 1. Simplified geological-tectonic map of the northeastern Alps (modified from Pfiffner 2014). NF = Northern Alps foreland (AM = Alpine Molasse;
SM = Subalpine Molasse); HN = Helvetic and Ultrahelvetic nappes; PNS = Penninic Nappe system (RDF = Rhenodanubian Flysch zone; FN = Falknis
Nappe; PN = other Penninic Nappes); ANS = Austroalpine Nappe system (AMC = Mesozoic cover; AP = Palaeozoic cover; AC = Crystalline basement).
Palaeomagnetic sampling locations in the RDF are indicated by stars: (R) Hinterer Rehbrein Creek, 11◦05′36′′E, 47◦37′40′′N; (L) Lainbach Valley, 11◦25′31′′E,
47◦42′02′′N; (F) Falknis Nappe in Liechtenstein, 9◦33′37”E, 47◦04′26”N. The coordinates refer to the base of the sections.
Figure 2. Stratigraphic column for the uppermost Tristel Formation, the Rehbreingraben Formation and the lower part of the Lower Red Shale (LRS). The
lithological columns is represented together with the carbon isotope data from the same sediments and the correlation with the composite data set from the
Vocotian Basin (SE France) and Cismon (Italy; modified from Wortmann et al. 2004), and the magnetic polarity stratigraphy from Cismon (Channell et al.
2000). The base of the LRS is biostratigraphically dated late Albian byWagreich et al. (2006). The data set is correlated with the geomagnetic polarity timescale
(GPTS) of Gradstein et al. (2012).
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(Mattern 1999; Handy et al. 2010). Nonetheless, if the term Pen-
ninic and its north, middle and south subdivisions are convenient to
distinguish the tectonic nappes in the Alpine geological context,
its application to palaeogeographic domains is complicated by the
fact that the vertical nappes stacking is not reflecting the original
south to north palaeogeographic arrangement, but is affected by
significant east–west transform motion, with lateral transport dis-
tances exceeding hundreds of kilometres (Wortmann et al. 2001;
Handy et al. 2010). In fact, eastward motion of the European do-
mains with respect Adria–Africa characterizes the early stage of the
Alpine Orogeny during the Late Cretaceous (often referred to as
Cretaceous orogeny). This is followed by a Cenozoic north–south-
dominated compression causing nappes stacking and growth of the
Alpinemountain range (Cenozoic orogeny; Pfiffner 2014). TheRDF
is commonly considered as deposited on the western margin of the
Brianc¸onnais terrane (Hesse 1973, 1974, 2011), a continental frag-
ment separated from the Europeanmargin (s.s.) by theValais Ocean.
The Valais Ocean was a narrow (∼100-km-wide) ocean branch,
the opening of which began at the Jurassic–Cretaceous boundary
(Handy et al. 2010). Many authors have questioned the existence of
the Valais Ocean as a true oceanic basin (e.g. Mattern 1999). How-
ever, even if sediments attributed to the Valais palaeogeographic
domain may not be floored by oceanic crust, there is evidence sup-
porting mantle exhumation and seafloor spreading (Handy et al.
2010, and reference therein). Other authors have proposed a de-
position of the RDF on the true European margin, that is, on the
northwestern flank of the Valais–Piedmont Ocean (Egger et al.
2002).
In this study, we present palaeomagnetic data that allow pre-
cise correlation with the geomagnetic polarity timescale (GPTS12;
Gradstein et al. 2012), significantly improving the age calibration
of the Early Cretaceous part of the RDF. Palaeomagnetic directions
are also used to constrain the palaeogeographic position of the RDF
within the evolving Alpine Tethys. In addition, we present palaeo-
magnetic data from the Falknis Nappe of Liechtenstein, which are
affected by synfolding remagnetization.
2 GEOLOGICAL SETT ING
The RDF Supergroup is one of the five major palaeogeographic
and tectonic units of the Northeastern Alps (Fig. 1). From north
to south, they are (1) the Alpine Molasse Basin, the prototype of
a retroarc or foreland basin, (2) the Helvetic and (3) Ultrahelvetic
nappes, which represent the southern continental shelf and slope
of Europe in Jurassic–Cretaceous and Early Tertiary time, (4) the
Penninic nappe system, Including the RDF, commonly referred to
as part of the Brianc¸onnais–Valais Ocean domain, together with the
Falkins and Tasna Nappes, and (5) the Northern Calcareous Alps
or Austroalpine nappe, which represents the southern continental
shelf belonging to the Adriatic plate.
In Bavaria, the RDF comprises a 1500-m-thick turbidite suc-
cession that was deposited from the Hauterivian–Barremian to the
Maastrichtian (∼130–70 Ma), that is, over a period of ∼60 Myr.
The RDF hosts sediments that were deposited by turbidity cur-
rents flowing, based on palaeocurrent indicators, parallel to the
west–east basin axis, sometimes reversing flow directions during
the life time of the basin (Hesse 1974, 1982). The RDF is divided
in two facies, namely the Oberstdorf facies to the south, and the
Sigiswang facies to the north, reflecting lithological lateral varia-
tions within the basin (Mattern 1999; Hesse 2011). In this study,
we focus on the Lower Cretaceous uppermost Tristel Formation
and the Rehbreingraben Formation (Hesse 1982) the latter often re-
ferred to in the literature as Flysch-Gault. These formations are part
of the Obertsdorf facies; they were deposited by currents flowing
uniformly from west to east and can be easily correlated over hun-
dreds of kilometres parallel to the basin axis (Hesse 1973).
The Tristel Formation (Fig. 2) consists of up to 2-m-thick beds of
turbiditic calcarenites interbedded with alternating layers of green
and black claystone. Dinocyst biostratigraphy constrains the age of
the Tristel Formation to the Barremian (Kirsch 2003). The calcaren-
ites contain the full suite of turbidite structure divisions introduced
by Bouma (1962), including grey marlstone at the top (Te structure
division). Light-coloured lutitic limestone thick up to 30 cm forms
either separate beds or caps the calcarenite. Dark spots in the calci-
lutites are due to bioturbation.Whereas the carbonate-free claystone
indicates deposition below the CCD, the calcarenites contain a high
percentage of biogenic detritus. This consists of a rich shallow-water
fauna of foraminifera (‘miliolid’ limestone), bryozoans, bivalves,
gastropods and echinoderm fragments as well as subordinate algae
(Diplopora). The detrital carbonate is allochthonous, deriving from
a carbonate shelf source (Hesse 2011).
The Rehbreingraben Formation (Fig. 2) shows a marked litho-
logic contrast with respect to the underlying Tristel Formation.
It consists of a siliciclastic succession of glauconitic carbonate-
bearing quartzarenite alternating with black and green hemipelagic
claystone, indicating a change of palaeoclimatic/palaeogeographic
conditions. While the deposition of the Tristel Formation implies
the presence of a tropical shelf as source of the carbonate detri-
tus, the Rehbreingraben Formation was deposited under subtrop-
ical humid conditions with weathering of the basement beneath
the carbonate platform, suggesting at least partial erosion of the
carbonate cover (Wortmann et al. 2004). The average thickness of
individual quartzarenitic turbidite beds is 1 m, reaching a maxi-
mum of ∼4 m. They commonly contain turbidite structure divi-
sions Tb (parallel lamination), Tc (ripple-cross lamination and con-
volute lamination) and Td (parallel and convolute lamination) of
Bouma (1962). Thin caps of grey marlstone generally not exceed-
ing 20 cm in thickness represent the pelitic division Te. The green
and black carbonate-free/carbonate-poor claystone were deposited
under suboxic to anoxic conditions, respectively (Wortmann et al.
1999). Organic carbon concentrations in the black claystone reach
up to 6 per cent by weight but remain below 1 per cent in the
green claystone. Based on geochemical analyses, Wortmann et al.
(1999) interpreted the black–green rhythms as palaeoclimatically
controlled, likely related to precessional cycles. The formation has
been stratigraphically subdivided at the strata level as it is possi-
ble to correlate detailed measured sections of the Rehbreingraben
Formation bed-by-bed over a distance of 115 km between the Iller
river to the west and Lake Tegernsee to the east (Hesse 1973, 1974),
making it the stratigraphically best-subdivided unit of the RDF. The
thickness of the Rehbreingraben Formation reaches 225 m in the
completely exposed section of the ‘Hinterer Rehbreingraben’ near
Unterammergau (Hesse 2011, Fig. 2). Recent biostratigraphic data
from the Lower Red Shales (in the literature also referred to as
‘Untere Bunte Tonsteine’), which overly conformably the Rehbre-
ingraben Formation, constrain the stratigraphic top of the latter to
the late Albian (Wagreich et al. 2006).
3 MATERIALS AND METHODS
A total of 296 standard palaeomagnetic samples were collected
from two localities within the RDF between the Iller River and
Lake Tegernsee, ∼50 km to the south of Munich. They are (i) the
Hinterer Rehbrein Creek (hereafter referred to as Rehbrein Creek)
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and (ii) the Lainbach Valley, both exposing part of the Lower
Cretaceous stratigraphic series (Fig. 1). At Rehbrein Creek, 187
samples were collected along a ∼20-m-thick section of alternating
black and green shales, and quartz-rich turbidites from the base
of the Rehbreingraben Formation. Samples strata dip ∼80◦ to the
SSW (∼190◦). In the Lainbach Valley, 67 samples were obtained
from the Rehbreingraben Formation and another 42 from the Tristel
Formation. Here, the samples were collected on the two limbs of
a fold, with strata, respectively, dipping toward 162◦ by 63◦, and
toward 353◦ by 78◦. In the Eastern Alps, fold hinges are generally
oriented roughly E-W as a consequence of the Cenozoic Alpine
orogeny N-S compression (Pfiffner 2014). Another 15 samples for
palaeomagnetic analysis were collected from two sections in the
Falknis Nappe in Liechtenstein (Fig. 1), the first in the stratigraphic
equivalent of the Tristel Formation of theRDF at the proximal end of
the joint depositional system, the second in Neokom Flysch, which
stratigraphically underlies the Tristel Formation. Samples from the
Tristel Formation (equivalent) have been here collected on the two
limbs of an overturned fold, with a dip direction/dip for the two
limbs of respectively 80◦/23◦ and 216◦/66◦, the latter overturned.
Strata belonging to the Neokom Flysch also crop out on the two
limbs of an overturned fold, plunging respectively toward 125◦ by
46◦, and 170◦ by 66◦ (overturned).
Samples consist of standard palaeomagnetic cores of 2.54 cm of
diameter, taken with a gasoline-powered drill and oriented with a
magnetic compass. From each core, a standard ∼11 cm3 specimen
for palaeomagnetic analyses has been trimmed. The specimenswere
subjected to both alternating field (AF; 247 specimens) and thermal
(67 specimens) stepwise demagnetization, with peak fields of 150
mT and maximum temperatures of ∼600 ◦C, respectively. The nat-
ural remanent magnetization (NRM) has been measured after each
demagnetization step with a 2-G Enterprises SQUIDmagnetometer
located in a magnetically shielded room. Specimens were demag-
netized using a 2-G Enterprises AF demagnetizer and a Schonstedt
thermal demagnetizer. The vector components of the NRM were
isolated by means of principal component analysis of Kirschvink
(1980) interpolating at least six consecutive demagnetization steps.
The average directions and associated statistical parameters were
calculated using the spherical statistics of Fisher (1953).
We used a set of representative specimens from the Rehbrein
Creek and Leinbach Valley to investigate the magnetic mineralogy
content of the sediments. Stepwise isothermal remanent magneti-
zation (IRM) acquisition curves (up to 1.6 T) were obtained using
a MMPM 10 Pulse Magnetizer. Thermomagnetic remanence anal-
ysis was performed gradually heating samples up to 700 ◦C in an
inducing field of 800 mT with a variable field translation balance
(Petersen Instruments) in either air or nitrogen atmosphere.
Anisotropy of magnetic susceptibility (AMS) was measured fol-
lowing the 15 positions protocol of Jelı´nek (1978) on 34 specimens
from the Rehbrein Creek and 5 from the Lainbach Valley. Measure-
ments were performed with a KLY-2 Kappabridge from AGICO.
All analyses were conducted at the palaeomagnetic laboratory of
the Ludwig Maximilians University of Munich (Germany).
4 RESULTS
4.1 Rehbrein Creek and Lainbach Valley
4.1.1 Rock magnetism
The IRM acquisition curves of samples from the Tristel Formation
and the Rehbreingraben Formation (Fig. 3a) show a steep increase
of magnetization up to ∼200 mT, the field at which they reach
saturation.This behaviour indicates the exclusive presence of low
coercivity magnetic phases. Thermomagnetic remanence curves,
when performed in air (i.e. oxidizing environment), show two
behaviours. The first is characterized by a decrease of intensity
reaching zero at ∼580 ◦C, in agreement with the presence of
magnetite (Figs 3b and c). In the second, the magnetization is
characterized, after a decrease up to ∼450 ◦C, by a variable ‘hump’
centred at ∼510 ◦C and decreasing to zero at ∼580 ◦C (Figs 3d and
e, cycle 1). This can be related to the formation of magnetite during
heating from a ferriferous precursor (Hirt et al. 1993), leading to
a post cooling magnetization that is up to five times higher than
before heating. Repeated experiments on the same specimen tend to
increase the final Curie temperature up to >600 ◦C, indicating the
formation of haematite (Fig. 3e, cycles 3–5). When the experiments
are performed in nitrogen (i.e. non-oxidizing) atmosphere (Fig. 3f),
the cooling branch of cycle 1 shows a remarkable increase ofmagne-
tization at 300 ◦C, in agreement with the presence of paramagnetic
pyrite irreversibly turning to ferromagnetic pyrrhotite (Wang et al.
2008). Repeated experiment led to the formation of magnetite, as
indicated by the measured Curie temperature of ∼580 ◦C (Fig. 3f,
cycle 2). These data fit with the pyrite
1→ pyrrhotite 2→ magnetite
3→ haematite pathway observed in repeated thermomagnetic
experiments of natural crystalline pyrite (Wang et al. 2008). Under
nitrogen atmosphere, the overall process is slowed down, resulting
in a high relative concentration of pyrrhotite at the end of cycle 1.
4.1.2 Anisotropy of magnetic susceptibility
Results of the AMS analyses are show in Fig. 4. After correction
of bedding tilt, in both Rehbrein Creek and Lainbach valley the
minimum axes (k3) of the AMS tensor is oriented vertically, while
the maximum (k1) and the intermediate (k2) lie horizontally, parallel
to the bedding plane (Figs 4a and b). At Rehbrein Creek, the number
of data is high enough to evaluate the orientation of the average
tensor through the bootstrap approach of Constable & Tauxe (1990;
Fig. 4c and Table S1, Supporting Information). This analysis also
suggests an oblate shape of the average tensor, with overlapping k1
and k2 confidence ellipses (Table S1, Supporting Information). At
Lainbach, we calculate the orientation of the AMS tensor using the
statistic of (Jelı´nek 1978; Fig. 4b). Data from both the localities
have been compared using the corrected anisotropy degree (P′) and
the shape factor (T) of Jelı´nek (1981):
P ′ = exp
√{
2
[
(η1 − η)2 + (η2 − η)2 + (η3 − η)2
]}
T = 2η2 − η1 − η3
η1 − η3
where η1, η2 and η3 the natural logarithm of k1, k2 and k3, and
η = (η1 + η1 + η3)/3.
Data fromRehbrein Creek are characterized by a higher degree of
anisotropy, with an average value ofP′ = 1.1 and peak values of 1.15
(Fig 4d and Table S1, Supporting Information). Associated positive
values of T indicate that the anisotropy is dominated by oblate
shape (Jelı´nek 1981), in agreement with the bootstrap analysis. This
fabric is typical of compacted sediments not affected by tectonic
deformation (Pare´s et al. 1999). At Lainbach, the shape factor T
shows both positive and negative values, butP′- has an average value
of 1.01, indicating very weak (∼1 per cent) anisotropy of the AMS
tensor (Martı´n-Herna´ndez et al. 2004; Cifelli et al. 2005, Table S1,
Supporting Information). The maximum eigenvector k1 is however
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(a)
(c) (d)
(e) (f)
(b)
Figure 3. (a) IRM acquisition curves for samples from the Rehbrein Creek (grey) and Lainbach Valley (black) sections. (b)–(d) Representative thermomagnetic
remanence curves of specimens from Lainbach Valley; arrows indicate the heating cycle. (e) and (f) Examples of repeated thermomagnetic remanence curves
from Rehbrein Creek performed in oxidizing (air) and nitrogen atmosphere; arrows as in (b)–(d).
orientedWSW (Fig 4b and Table S1, Supporting Information). This
orientation can possibly be related to clay particles orientation in
the sediments, reflecting the directions of the turbidity currents, as
indicated also by geological evidence (Hesse 1965, 1982, 2011).We
cannot rule out the possible effect of a post depositional tectonic
deformation on the shape of the AMS tensor. However, with such
low P′values, we can reasonably exclude any possible influence on
the orientation of the characteristic remanent directions.
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(a) (b)
(c)
(d)
Figure 4. Stereographic plot of the axes (k1, k2 and k3) of the anisotropy of magnetic susceptibility (AMS) tensor for samples from Rehbrein Creek (a) and
Lainbach Valley (b) after correction of bedding tilt. (c) Bootstrap analysis (Constable & Tauxe 1990) of AMS data from Rehbrein Creek, a derived confidence
ellipses. (d) Plot of the corrected anisotropy degree (P′) versus shape factor (T) of Jelı´nek (1981) for both Rehbrein Creek and Lainbach Valley. Data used are
listed in Table S1 in the Supporting Information.
4.1.3 Palaeomagnetism
In general, both AF and thermal demagnetization experiments yield
good and comparable results (Fig. 5). The 88 per cent of the speci-
men from Rehbrein Creek were characterized by stable behaviour.
The 60 and 90 per cent of the samples from, respectively, theRehbre-
ingraben and Tristel formations in the Lainbach Valley show also
stable demagnetization behaviour. The specimens are characterized
by the presence of two components of the NRM. A spurious low
temperature (or coercivity) component is removed completely after
heating to ∼300 ◦C (or after peak AF of ∼20 mT). After removal
of this overprint, a characteristic remanent magnetization (ChRM)
component linearly trending towards the origin of the orthogonal
projection has been unblocked at peak temperatures of∼550 ◦C and
AF of ∼120 mT. These results are discussed for the two sampling
localities as follows.
Rehbrein Creek. Pilot thermal demagnetization revealed that
the specimens were going through disaggregation during heating.
They were however successfully treated with AF demagnetization
(Figs 5a and b), isolating 151 ChRM directions on 187 samples
(∼81 per cent). Directions are organized in two modes that, after
correction for bedding tilt, point NNE-and-down and SSW-and-up
(Figs 6a and b). The average directions of the two tilt corrected
modes depart from antipodality by 13.6◦, passing the reversal test
(RT) of Watson (1983; Vw = 5.7, Vcritical = 6.2; see also Tauxe 2010
for details), with an assigned class ‘C’ of McFadden & McElhinny
(1990). Average directions and associated statistical parameters of
Fisher (1953) are listed in Table 1.
We calculated the position of the virtual geomagnetic pole (VGP)
associated with each ChRM direction. The latitude of VGPs relative
to the mean palaeomagnetic (north) pole has been used to determine
the magnetic polarity across the section. Positive (negative) VGP
latitudes are considered as representative of normal (reverse) mag-
netic field polarity. The section is generally dominated by normal
polarity, with one ∼1.1-m-thick reverse interval centred at 8.4 m,
plus three minor reverse levels (based on at least two specimens) of
about 0.2, 0.2 and 0.3 m and centred, respectively, at 12.6, 13.7 and
19.0 m levels (Fig. 7).
Sedimentary rocks can be affected by inclination flattening of
palaeomagnetic directions of different magnitude, and the amount
of flattening depends on both the magnetic carrier and the degree
of post-depositional compaction (King 1955; Tauxe & Kent 1984;
Anson & Kodama 1987; Tan et al. 2002). In order to detect and
correct for inclination shallowing, Tauxe & Kent (2004) developed
a statistical method based on the expected shape of the palaeomag-
netic directions distribution. It consists of progressively unflattening
the directions by decreasing the flattening parameter ‘f’ (King 1955)
within the formula tan If = f tan I0 (where If and I0 are the measured
inclination and the true inclination of the geomagnetic field during
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(a) (b) (c) (d)
(e) (f) (g) (h)
Figure 5. Representative orthogonal vector endpoints demagnetization diagrams (Zijderveld 1967), shown in bedding tilt corrected coordinates, from repre-
sentative samples (a) and (b) from the Rehbreingraben Formation at Rehbrein Creek, (c) and (d) from the Rehbreingraben Formation, (e) and (f) the Tristel
formation at Lainbach Valley and (g) and (h) from the Falknis Nappe in Liechtenstein. Solid and open dots represent vector endpoints projected onto the
horizontal and vertical planes, respectively.
sedimentation, respectively) until the distribution shape assume an
E/I pair of values that is consistent with the TK03.GAD field model
(Tauxe&Kent 2004). The E/Imethod has been successfully applied
to several sediments of different age (Dallanave et al. 2012a; Mut-
toni et al. 2013; Kirscher et al. 2014). Since ChRM directions with
associated VGP latitude comprises between 45◦N and 45◦S can be
considered as transitional, that is, not reflecting the long-term be-
haviour of the geomagnetic field (McElhinny & McFadden 1997),
we filtered the Rehbrein Creek data set eliminating directions falling
in this category (Fig. 6b). The filtered data set (VGP45) results in
133 directions with the two polarity modes passing the Watson’s
RT (Vw = 6.2, Vcritical = 6.6; departure form antipodality = 10.9◦).
Applying the correction to the VGP45 directions, they match the
E/I pair of values predicted by the TK03.GAD model after reach-
ing a flattening factor f = 0.44, not unusually high for compacted
sediments (e.g. Dallanave et al. 2009; Muttoni et al. 2013). We es-
timated the 95 per cent uncertainty of the correction repeating the
analyses with 5000 bootstrapped data set (Tauxe et al. 2016). This
results in an unflattened inclination of 43.7◦ (Fig. 6c and Table 1),
that is, 19.5◦ steeper than the original.
The TK03.GAD model predicts circular VGP distributions from
sites at all latitudes. We therefore assessed the robustness of the E/I
analyses calculating the circular symmetry of the VGP distribution
before and after shallow bias correction with the quantile–quantile
(Q-Q) analyses proposed byTauxe (2010).VGPs circular uniformity
has been evaluated through a Kolmogorov–Smirnov based Mu test
(Fisher et al. 1987; Tauxe 2010). The null hypothesis of uniformity
cannot be rejected at 90 per cent level of confidence only after E/I
correction (Fig. 8a). The palaeomagnetic poles obtained from the
VGP45 set of directions before (R1) and after (R2) E/I correction
are shown in Fig. 8(b) (Table 2).
Lainbach Valley. In the Lainbach Valley, sediments pertaining
to the Tristel Formation and the Rehbreingraben Formation were
initially analysed separately. A pilot demagnetization phase on the
Lainbach sediments revealed that thermal demagnetization is more
effective (Figs 5c–f) and it was thus adopted. A total of 87 ChRM
directions were obtained from 109 samples (80 per cent), 45 from
the Rehbreingraben Formation and 42 from the Tristel Formation.
At both sites, the samples were collected on the two limbs of a fold
(see above), and the ChRM directions are organized in two distinct
modes that converge after correction for bedding tilt (Figs 6d–g
and Table 1). Performing the fold test (FT) of Enkin (2003), the
maximum k value is reached at an unfolding level of 93.9 ± 5.1
per cent for the Rehbreingraben Formation and 97.8 ± 4.9 per
cent for the Tristel Formation, respectively (Figs 6h and i). These
results indicate a pre-folding (likely primary) acquisition of the
ChRMcomponent. Since the resulting tilt correctedmean directions
are reciprocally contained in the α95 cone of confidence (inset in
Fig. 6g) and the two formations are similar in age, we combine
the ChRM directions after tilt correction (Table 1). We used the
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(a) (b) (c)
(d)
(f) (g)
(k) (l) (m)
(j)
(e) (h)
(i)
Figure 6. Equal-area projection of the characteristic remanent (ChRM) directions from the Rehbreingraben Formation at Rehbrein Creek in in situ (a) and tilt
corrected (b) coordinates. Open (closed) dots represent up- (down-) pointing directions, squares represent the mean directions with associated α95 confidence
boundaries (Fisher 1953), while the diamond is the average direction plotting all ChRM direction to a common down-pointing polarity; triangles are ChRM
directions not included in the set used for the inclination flattening correction as explained in the main text. (c) Elongation versus inclination (E/I) analyses
(Tauxe & Kent 2004; Tauxe et al. 2016) result of selected ChRM directions from Rehbrein Creek; the solid black line is the trajectory of E/I calculated after
applying flattening factor (f; King 1955) ranging from 1.0 to 0.42. At 0.42 data fit, the TK03.GAD predicted E/I value (dashed black line). Solid grey lines
are 25 examples of the 5000 bootstrapped data sets on which the same E/I analysis has been performed. Results from the bootstrapped data set are added in
a normalized cumulative distribution (dotted grey line) that was used to estimate the 95 per cent confidence boundaries (grey band). Mean inclination before
(open triangle) and after (closed triangle) E/I correction are shown on top of the diagram. The ChRM directions from Lainbach Valley are shown for the (d) and
(e) Rehbreingraben Formation and (f and g; symbols as above) Tristel Formation; the mean directions from the two formations are statistically undistinguishable
(inset in panel ‘g’). Precision parameter ‘k’ (Fisher 1953) versus percentage of unfolding is shown for data from the (h) Rehbreingraben Formation and (i)
Tristel Formation. (j) The E/I test as described above has been performed with the combined data set. ChRM directions from the Falknis Nappe (Liechtenstein)
are shown (k) before and (l) after tilt correction; circles are directions from the Tristel Formation (equivalent), while squares are directions from the Neokom
Flysch; bigger symbols are average directions with associated 95 per cent cone of confidence; dispersion of the data increases with unfolding (m) suggesting
the presence of a syn- (or post-) folding pervasive magnetic overprint.
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Table 1. Average characteristic remanent magnetization (ChRM) directions.
Geographic (in situ) coordinates Bedding (tilt-corrected) coordinates
N MAD k α95 DEC INC k α95 DEC INC (INC∗)
Hinterer Rehbrein Creek
Mode 1 (Reverse polarity)
22 6.2 ± 4.0 2.2 27.0 174.9 53.0 5.7 13.9 190.0 −36.2
Mode 2 (Normal polarity)
129 5.2 ± 3.4 4.9 5.9 30.3 −67.9 9.8 4.0 18.5 24.7
Mode 1 + 2
151 5.3 ± 3.5 4.2 6.1 25.1 −66.9 8.8 3.9 17.6 26.2
Hinterer Rehbrein Creek, VGP45 directions
Mode 1
18 7.1 ± 4.3 – – – – 10.3 10.7 199.8 −33.5
Mode 2
115 5.3 ± 3.5 – – – – 17.4 3.3 19.1 22.6
Mode 1 + 2
133 5.5 ± 3.6 – – – – 15.4 3.2 19.2 24.2 (43.750.436.4 )
Lainbach Valley, Rehbreingraben Formation
Mode 1
26 9.6 ± 5.5 19.4 6.6 4.2 −10.1 27.1 5.5 12.5 43.7
Mode 2
19 7.0 ± 5.0 44.1 5.1 166.0 66.9 43.9 5.1 7.2 35.6
Mode 1 + 2
45 8.5 ± 5.4 – – – – 30.1 3.9 10.1 40.3
Lainbach Valley, Tristel Formation
Mode 1
19 7.7 ± 3.8 13.4 9.5 131.2 57.4 32.4 6.0 7.7 38.2
Mode 2
23 8.0 ± 5.4 32.6 5.4 2.9 −20.3 42.0 4.7 8.3 42.4
Mode 1 + 2
42 7.8 ± 4.7 – – – – 37.1 3.7 8.0 40.5
Lainbach Valley, Tristel and Rehbreingraben Formations
87 8.2 ± 5.1 – – – – 33.4 2.7 9.1 40.4 (47.855.340.9 )
Falknis Nappe, Tristel Formation (equivalent)
5 4.4 ± 0.5 15.4 12.7 28.4 −69.1 4.8 24.6 225.7 −25.4
Falknis Nappe, NeokomFlysch
9 7.3 ± 2.7 43.7 11.7 350.2 −71.1 1.4 120.7 196.0 −32.2
combine data set to perform an E/I test as described for Rehbrein
Creek. The distribution of ChRMdirections fromLainbachmatches
the TK03.GAD predicted E/I values applying a flattening factor
f= 0.76 (Fig. 6j). Value of ‘f ’ around 0.8 are commonly observed in
sediments (Muttoni et al. 2013, and reference therein). It is however
considerably higher than the f = 0.44 estimated ad Rehbrein Creek.
Differences in the degree of inclination shallowing in sediments
can have multiple sources, varying from the mineralogical content
(i.e. quartz versus clay minerals) to the post-depositional processes.
For example, coeval early Eocene clay-rich sediments belonging
to the same formation and exposed in two nearby localities of the
venetian southern Alps, have an estimated f factor of 0.35 and 0.14,
respectively (Dallanave et al. 2012b). The average degree of AMS
(P′) at Rehbrein Creek is 1.1, while at Lainbach P′is systematically
lower than 1.02. This indicates a higher degree of compaction of
the Rehbrein Creek sediments, thus justifying the higher degree
of inclination shallowing. This likely derives from the higher clay
content of the sediments at Rehbrein Creek.
Also for the combined Lainbach Valley data set we estimated the
circular symmetry of the VGPs before and after correction bymeans
of Q-Q analyses. The applied correction of f = 0.76 does indeed
improve the circularity of the distribution, the uniformity of which
cannot be rejected at 90 per cent level of confidence only after E/I
correction (Fig. 8c). The palaeomagnetic pole before (L1) and after
(L2) unflattening correction is shown in Fig. 8(b) (Table 2).
4.2 Falknis Nappe
The strata of the Tristel Formation (equivalent) and the Neokom
Flysch sampled in Liechtenstein are, in both cases, deformed by
multiple folding phases. Demagnetization diagrams obtained using
AF cleaning yield stable behaviour (Figs 5g and h), well grouped in
in situ coordinates (Fig. 6k). However, after correction for bedding
tilt the ChRM directions disperse and the precision parameter k
decreases dramatically at both sites (Fig. 6l). The ChRM directions
from the two sections were combined and analysed with a paramet-
ric FT (Watson & Enkin 1993). The FT suggests an acquisition of
the ChRM at 18 per cent (±1.8 per cent) of unfolding (Fig. 6m). Per-
vasive shearing parallel to the fold-axis planes might have provided
access to advected pore fluids that could have altered the mag-
netic phases. The complex folding history makes any correlation
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Figure 7. Magnetic polarity stratigraphy of the Rehbrein Creek section and correlation with the geomagnetic polarity timescale of Gradstein et al. (2012;
GPTS12). From left to right: simplified lithological column (symbols as in Fig. 2) with thickness and sedimentation rates, calculated by means of magne-
tostratigraphic correlation with the GPTS12; declination and inclination of the characteristic remanent (ChRM) directions with associated virtual geomagnetic
poles (VGPs) latitude, calculated with respect the average palaeomagnetic (north) pole; magnetic polarity stratigraphy, derived by the zero-crossing points of
the VGP latitude curve; correlative part of the GPTS12.
of this direction with published palaeomagnetic poles difficult and
not reliable (see Kirscher et al. 2013 for a discussion). Due to the
synfolding nature of the ChRM, no further analyses have been con-
ducted on the samples from the Falknis Nappe and the results are
not further considered.
5 D ISCUSS ION
5.1 Magnetostratigraphy and age model
Dinoflagellate cyst biostratigraphy (Kirsch 2003) indicates a late
Barremian–early Aptian age for the base of the Rehbreingraben
Formation. A good uppermost Albian age constrain for the top
of the Rehbreingraben Formation is given by integrated dinocyst,
calcareous nannofossil and planktic foraminifera biostratigraphy
(Wagreich et al. 2006). This age assignment is underpinned by a car-
bon stable isotope-based correlation with the reference ∂13C com-
pilation from Cismon (Italy) and the Vocontian Basin (SE France;
Wortmann et al. 2004). This biochemostratigraphic constraint al-
lows correlating the 1.1-m-thick reverse polarity zone at 7.8 in the
Rehbrein Creek section with the M0r magnetic polarity Chron of
the GPTS (Fig. 7). This reliable correlation implies a sedimentation
rate for this part of the section of 3.03 m Myr−1. Among the brief
reverse polarity events observed during Chron C34n (Cretaceous
Normal Polarity Superchron), the oldest and best established is the
M′-1r′, often referred to as ISEA reverse event, and observed in
both deep-sea and outcropping sediments (Vandenberg et al. 1978;
Tarduno 1990; Tarduno et al. 1989), as well as in volcanic rocks
(Zhu et al. 2004). We correlate the ∼0.25 m reverse interval ob-
served at∼17 m at Rehbrein Creek with this event. This is the most
reliable correlation for two reasons. First, this interval is based on
three ChRM directions and thus more robust. Second, the average
sedimentation rates determined by this correlation (2.13 m Myr−1)
are very similar the ones expected by the ∂13C-based correlation of
Wortmann et al. (2004) for this formation (∼2.4 m Myr−1). Corre-
lating the two sample-based short reverse intervals observed at about
∼13 and 14 m with the M′-1r′event would result in unreasonably
low sedimentation rates (<1 m Myr−1). Between M0 and M′-1r′,
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(a) (c)
(b)
(d)
Figure 8. (a) Quantile–quantile (Q-Q) analyses for the virtual geomagnetic poles (VGPs) from Rehbrein Creek before (open dots) and after (closed dots)
elongation versus inclination (E/I) correction for inclination shallowing of palaeomagnetic directions; a uniform distribution of VGPs can be excluded at a 90
per cent level of certainty if Mu ≥ 1.138 (Fisher et al. 1987; Tauxe 2010). The position of the palaeomagnetic pole before (R1) and after (R2) E/I correction
is shown in panel (b). (c) The Q-Q analysis has been performed also on the combined Lainbach Valley data set, and also here the circular uniformity after
E/I correction cannot be rejected at 90 per cent level of confidence. The L1 and L2 poles (same as Rehbrein Creek) are shown in (b). The R2 and L2 poles
are compared with the reference European (E130) palaeomagnetic poles as described in the text. (d) Palaeogeographic reconstruction of the Alpine Tethys at
Chron M0r (see the text for the rotational parameters used); Ap = Apulia platform, Br = Brianc¸onnais terrain; Ib = Iblei platform, LiO = Ligurian Ocean,
PiO= Piedmont Ocean; RDF= Rhenodanubian Flysch, Sa = Southern Alps and VaO=Valais Ocean. Question marks indicate a possible initiated subduction
beneath the Adria–Africa margin, as suggested by Handy et al. (2010). The palaeolatitude of deposition for the RDF obtained from Rehbrein Creek (yellow
triangles and line) and from Lainbach Valley (blue triangles and line) are shown together with the 95 per cent confidence boundary (small triangles).
there are no subchrons reported in the literature (Ogg et al. 2012).
The short reverse interval at 13 and 14 m could have originated
from sin- or post-depositional remagnetization processes. Similar
‘excursions’ have been found in the Cretaceous Scaglia facies of
central Italy and interpreted as due to ‘crypto-slumps’, intrastrata
movement of the sediments occurring in a early diagenetic phase
(Cronin et al. 2001). Alternatively, they could be originated by ge-
omagnetic excursion not recovered elsewhere. However, the robust
correlation of our record with Chron M0, which constrains pre-
cisely the Barremian–Aptian boundary within the Rehbreingraben
Formation, is not affected by the short reversal intervals retrieved
upsection and their interpretation.
5.2 Palaeogeography of the RDF
At present, the palaeogeographic pertinence of the RDF has been
determined only by geological evidences. These are mainly the po-
sition in the stacked Alpine nappes and the sediment type (Mattern
1999; Wortmann et al. 2001; Handy et al. 2010; Hesse 2011). In the
frame of the Cretaceous palaeogeography, the RDF is commonly
considered as deposited on the western margin of the Brianc¸onnais
Table 2. List of palaeomagnetic poles.
Pole N K A95 LONG LAT
Hinterer Rehbrein Creek
R1 133 18.0 3.0 160.0 52.2
R2 133 15.0 3.3 147.7 65.1
Lainbach Valley
L1 87 34.7 2.6 171.2 65.0
L2 87 33.3 2.7 166.6 70.9
terrane (Hesse 1973, 1974, 2011; Fig. 8c). Other authors proposed
a strictly European pertinence of the RDF, suggesting a deposition
on the northwestern flank of the Valais–Piedmont Ocean (Egger
et al. 2002). Our palaeomagnetic data set gives the opportunity to
locate the RDF in the frame of the Early Cretaceous Tethys using
an independent geophysical constraint, that is, the palaeolatitude
of deposition. The palaeomagnetic poles obtained from Rehbrein
Creek (R) and Lainbach (L) are shown in Fig. 8(b). They have been
calculated before (R1 and L1) and after (R2 and L2) correction
for inclination shallowing of ChRM directions. Despite the facts
that they plot on very similar colatitudes from the sampling site
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(62.2◦ and 60.1◦ for R2 and L2, respectively), we consider pole R2
more reliable. This is because we performed the E/I test at Rehbrein
Creek using 133 directions, while at Lainbach the same routine
has been applied on 87 directions. Tauxe et al. (2008) estimated a
minimum number of ∼100–150 directions in order to obtain a re-
liable inclination shallowing correction, and only the data set from
Rehbrein Creek falls in this range.
We compare poles R2 and L2 with the 130 Ma global synthetic
palaeomagnetic pole of Torsvik et al. (2012), plotted in European
coordinates (E130 pole). Even if the trajectories of the R2 and L2
poles with the associated A95 confidence boundaries cross to some
extent the E130 pole, the absolute position indicates some amount of
clockwise rotation of the sampling sites with respect stable Europe,
as indicated in Fig. 8(b). The units pertaining to the Brianc¸onnais
and eastern Europeanmarginwent through aCretaceous dextralmo-
tion, with respect stable Adria–Africa, of several hundreds of kilo-
metres, and this tectonic phase was followed by detachment, nappe
stacking and uplift during the Cenozoic phase of the Alpine orogeny
(Mattern 1999; Handy et al. 2010; Pfiffner 2014). Deviations of the
palaeomagnetic declination of the RDF sediments from the refer-
ence European pole are thus expected.We plotted the palaeolatitude
of deposition determined by the R2 and L2 palaeomagnetic poles on
a palaeogeographic reconstruction of the Early Cretaceous Alpine
Tethys, drawn using published data (Fig. 8d).We rotated the Africa–
Adria block with respect stable Europe using the rotational param-
eter of Klitgord & Schouten (1986), while Iberia has been rotated
following the rotation proposed by Olivet (1996). We then restored
the palaeolatitudes of all domains placing the reconstruction on a
palaeomagnetic reference frame by using the global synthetic 130
Ma pole of Torsvik et al. (2012). The main present-day coastal out-
lines are also shown for clarity. The eastward motion of the Iberian
Plate with respect to stable Europe started as a consequence of the
northward propagation of the Northern Atlantic Ocean spreading to
theBay of Biscay, and predates themagnetic anomalyM0r (Stampfli
et al. 1998). It resulted in a total of ∼520 km sinistral strike-slip
offset along the future Pyrenees (Handy et al. 2010, and reference
therein). The eastwardmotion of Iberiamay be coeval with the onset
of the subduction of the Ligurian Ocean beneath the Africa–Adria
active margin, as proposed by Handy et al. (2010). The transten-
sional rifting at the northern margin of Iberia triggered the opening
of the Valais Ocean at the southeast European margin. It began at
the Jurassic–Cretaceous boundary, resulting in a seafloor spreading
that has lasted from ∼130 to ∼90 Ma (Liati et al. 2003; Handy
et al. 2010). The Brianc¸onnais terrain has been subsequently sepa-
rated from the southern European margin by ∼100 km of oceanic
crust. Considering that geological data indicate a southern origin
of the sediments of the RDF (Hesse 1973, 2011), the palaeolati-
tude determined by the Rehbrein Creek data set (27.8◦ ± 3.3◦ N)
is in agreement with a deposition of the RDF on the southwestern
margin of the Brianc¸onnais terrane, as proposed by Hesse (1973;
see also Wortmann et al. 2001; Hesse 2011). The palaeolatitude
determined from Lainbach Valley (29.9◦ ± 2.7◦ N) is shifted to the
North by 2.1◦ with respect the one from Rehbrein Creek, but still
in agreement with a Brianc¸onnais pertinence of the RDF.
6 CONCLUS IONS
We conducted a palaeomagnetic study on the Lower Creta-
ceous Tristel Formation and Rehbreingraben Formation of the
RDF (Eastern Alps). Successful results have been obtained in
two localities, namely Rehbrein Creek and Lainbach Valley
(Bavaria). Results from coeval sediments from the Falknis Nappe
in Liechtenstein show that here the rocks are characterized by a
pervasive synfolding remagnetization, hampering magnetostrati-
graphic or palaeogeographic interpretation. At Rehbrein Creek, we
correlate two reverse polarity intervals of ∼1 and ∼0.25 m found
within predominantly normal polarity with Chron M0r and with the
M′-1r′event (or ISEA event, Ogg et al. 2012), resulting in an aver-
age sedimentation rate of 2.13 m Myr−1. This correlation places
the Barremian/Aptian boundary (126.3 Ma) within the base of the
Rehbreingraben Formation. The estimated sedimentation rate of
2.13 is in good agreement with the ∼2.4 m Myr−1 proposed by
Wortmann et al. (2004) using a ∂13C-based correlation with refer-
ence curves. The high-quality palaeomagnetic data from Rehbrein
Creek and Lainbach Valley, which pass either the reversal or the fold
test, have been used to constrain the palaeogeographic position of
the RDF within the evolving Alpine Tethys. Palaeomagnetic poles
have been obtained with data corrected for inclination shallowing
of ChRM directions, and the derived palaeolatitude of sedimenta-
tion help placing the RDF deposition across the Valais Ocean, on
the western flank of the Brianc¸onnais terrain, as proposed by Hesse
(1973, 2011) andWortmann et al. (2001). For the first time, reliable
palaeomagnetic data are used to determine the age and the palaeo-
geographic pertinence of the RDF, an Alpine domain up to now
constrained only by geological observation.
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